The purpose of this chapter is to convey a message that the variety of applications of the classical (and the novel ones, such as Mie resonance based) metamaterials are going far beyond the originally proposed applications such as geometrical optics and antennas. In addition, it is important to mention that most of these applications are just an idea or a first proof of principle. Hence, an additional message of this chapter is that a lot of further research is required to implement these scientifically sound ideas. It is also a hope that this chapter will trigger the reader's curiosity and interest to pursue this exciting field, which will yield additional applications that have never been imagined.
Introduction
Multiple applications of a new range of materials called metamaterials have been developed since their evolution, suggested by Veselago [1] , to the development of their design, first proposed by Pendry et al. [2, 3] . Most notably, the proposed applications included antennas [4] and geometrical optics [5] . Indeed, the proposed metamaterial-based structures were designed to enhance the antenna properties such as bandwidth, or geometrical optics properties such as reduced aberrations and enhanced focusing by the metamaterial lens [6] .
In the years to follow, extensive research in the field of metamaterials yielded novel metamaterial classes (metamaterials based on dielectric resonators, for example) [7] and configurations [8] in addition to the "classical" ones in the form of metallic split ring and a wire designed by Shelby et al. [5] that are shown in (Figure 1 ).
In their original definition, the metamaterials are artificial materials that respond to impinging electromagnetic waves by exhibiting negative values of the permittivity (ɛ) and/or the permeability (μ). Typically, the metamaterials are divided into double-negative when both values of ɛ and μ are negative or single-negative when one of these values is negative.
In this chapter, we discuss utilization of the "classical" and other metamaterial devices for a number of applications that go beyond the antenna and geometrical optics application. This approach will demonstrate the extent to which the field of metamaterial applications has grown in recent years, taking this exciting discovery one step further to implementation in real-life devices. Both single-negative and double-negative metamaterial devices are discussed in this chapter. Most of the ideas that are to be discussed here are on the level of proof-of-concept and some of them have a good chance to become real life application in the nearest future.
It is our desire to discuss these concepts in the context of their applications. Hence, it is prudent to provide the background for the application in order to give a complete picture of the concrete capability gaps and how the proposed metamaterial devices can address these shortcomings.
When the "classical" metamaterials are discussed, we refer to each metallized-structure unit cell as to an artificial atom that "reacts" to impinging electromagnetic wave. The dimensions of these structures and their features will determine the resonant frequency of the device. Typically, such a unit cell measures to about 1/10 to 1/20 of a resonant wavelength and consists of a wire and a split ring (either together for double-negative or one of the two for singlenegative). An example of a two-dimensional (2D) double-negative and one-dimensional (1D) metamaterial model and transmission results obtained from the operation of the metamaterial fabricated based on this model [9] are shown in Figure 2 . Figure 2 . A few unit cells modeled in HFSS Ansoft © for (a) 2D metamaterial and (b) 1D metamaterial slab, (c) dimensions of the metallized components of the designed unit cell are as follows: FR4 (ɛ = 4.4, tan δ = 0.02), metallic structures-copper (30 μm thick), r = 1.6 mm, d = t = 0.2 mm, w = 0.9mm, a = 9.3 mm, h = 0.9 mm. PCB sheets were 1.8 mm thick, (d) transmission scan from the structure depicted in (a) and e) transmission scan of a structure depicted in (b) [9] . (Reproduced with permission of ELSEVIER S.A. via Copyright Clearance Center).
From Figure 2 (d) and (e), one can see that the resonant frequency of this double-negative metamaterial is 3.65 GHz, which corresponds to a wavelength of about 8.2 cm. Figure 2(c) indicates that the largest dimension of the designed structure is the size of the unit cell and, hence, the length of the metallic wire which measures 9.3 mm is about 1/10 of the resonant wavelength.
The same rule of thumb can be applied to alternative metamaterial structures such as an array of TiO 2 oxide cubes used as a metamaterial in low THz range of frequencies [10] which have dimensions of about 1/10 of the lowest resonant frequency measured for this metamaterial system. The model and the transmission scan of this metamaterial structure are depicted in Figure 3 .
Simulations of the metamaterial system can be used to predict the resonant frequency and hence, the operational frequency of a device.
It is important to keep in mind the dimensions of the metamaterial surface for a particular application/frequency. For example, it may be technically challenging (due to their dimensions and configuration) to implement some metamaterial devices for THz and optical applications [11] .
In this chapter, we review the examples of metamaterial device applications in microwave (MW) and terahertz (THz) spectra of radiation. We will look into both single-negative and double-negative metamaterial devices, as well as into active and passive devices. This review is not meant to be an exhaustive list of potential metamaterial applications outside of the antenna and geometrical optics, but just a few ideas of how the very novel concept of artificial materials can be applied in a wide variety of ways.
The remainder of the chapter is divided into individual applications where the background for the application, its configuration, advantages, and limitations will be discussed. 
Novel nondestructive evaluation (NDE) detector based on a metamaterial lens
The first application that we are going to discuss is a novel NDE detector based on a metamaterial lens. The proposed detector is capable of operating in a low GHz range of frequencies.
Background
There are many instances where it is important to detect a flaw or inclusion that is not visible to human eye as it is covered by a layer of nonconducting material. Detection through conductive surfaces is limited as they will reflect the waves in the radiation ranges that are typically utilized by metamaterial devices (excluding, probably, acoustical [12] ). However, some work has been done to investigate carbon-fiber-reinforced structures with microwaves [13] . One of the examples where the application of such a detector could be highly beneficial is a system where a thick layer of thermal insulation covers a metallic surface (you can think of a space shuttle tile covering shuttle skin, for example). The thermally insulating layer is attached by an adhesive and we do not want to remove in order to determine whether the onset of corrosion had occurred underneath the insulating layer. In order to successfully detect this flaw, two conditions need to be satisfied: (a) the resolution of our detector has to be good enough to detect the flaw and (b) the wave that we are using has to be "strong" enough to penetrate the insulating layer to reach the flaw and to reflect back through the layer to the detector. Here we arrived at a contradiction, though longer wavelengths penetrate further, the resolution of the image will be limited by the wavelength, due to the diffraction limit. Indeed, we could defy the diffraction limit if we investigate the same flaw using the near-field detector, but in many cases, this approach is not realistic since the thickness of the insulator might be larger than the distance that will define the true near field. Additionally, it might not be realistic for real-life devices to maintain the tip of the detector so close to the surface of the sample. As an example, Tabib-Azar et al. demonstrated the resolution of 0.4 μm with 1 GHz wavelength but the tip of their detector was maintained at a very small distance away from the surface of the metal [14] .
Pendry [6] analytically demonstrated that a metamaterial lens defies the diffraction limit and, in an ideal case, can transmit all the information emitted from the source. This approach can be utilized when an NDE detector is designed based on a metamaterial lens [15] . Realistically, the detector can serve as a "middle ground" between a far-field and a near-field detector where the standoff distance can be manipulated by the distance of the source from the metamaterial lens and the thickness of the lens, as can be seen from Figure 4 where the focus spot of the resonant frequency will be significantly smaller than predicted by the diffraction limit.
The equation that shows the distance to the image in the case of an ideal metamaterial lens can be written as:
Although Eq. (1) represents the case of an ideal lens which is extremely hard to achieve, the equation gives a very good approximation for the design of such a device.
Experiment and results
Indeed, the original results are promising. It has been demonstrated [15] that a hole in a fiberglass block with the diameter of 3 mm that is perpendicular to the propagation direction of the electromagnetic wave ( Figures 5 and 6 ) can be detected with a device operating at a resonant frequency of 3.65 GHz (8.2 cm). Therefore, the resolution of such a device is determined to be 0.037 λ, which is far below the diffraction limit predictions.
The detection of the location of the hole and of a shift in the hole location are shown in Figure 6 .
To better understand the effect of the metamaterial lens that was utilized in this proof-ofconcept experiment, one can observe that at the frequency of 6 GHz, the location of the holes is not detectable at all as the same lens does not exhibit metamaterial properties, and therefore the electromagnetic wave just passes through the structure and reflects back from the sample into the detector (although the wavelength at this frequency is shorter than at 3.65 GHz). The results of this experiment are shown in Figure 7 .
It is also important to mention that a lot of thought should be dedicated to the design of the metamaterial lens when considering the inevitable trade-offs. As it was mentioned before, the metamaterial structures are typically very lossy. Therefore, when an NDE detector is designed based on a double-negative metamaterial lens where a high-strength transmitted signal is needed to maintain an adequate signal-to-noise ratio, one should keep in mind the limitations of the system in terms of losses. Sometimes, it is possible to trade off the resolution of the system for better transmission. For example, a 1D structure of parallel (in the direction of the peak for a 2D lens is at −20 dB compared to the transmission through the same lens at frequencies where the lens does not exhibit metamaterial properties (at about 6 GHz). In contrast the same peak for a 1D lens is at −9 dB.
Another trade-off to be considered is how much penetration we really need into the sample to successfully perform the nondestructive evaluation versus the required resolution. In other words, maybe, an NDE detector could be designed to work at a higher frequency, hence, it might not penetrate as far into the dielectric, but the resolution of the metamaterial lens operating at the appropriate frequency will be much better. In that case, we need to consider the fabrication limitations of the metamaterial lens since it is possible that the designed operating frequency of our metamaterial device forces the use of more complicated fabrication methods, such as those that are utilized for devices operating in the THz spectrum.
Also, as we previously mentioned, one can consider alternative metamaterial structures such as oxide metamaterials for these applications where the losses are smaller.
In conclusion, utilization of a metamaterial lens as a tool to significantly enhance capabilities of the nondestructive evaluation detectors has been demonstrated to be successful. This initial proof-of-concept can serve as a very solid foundation from which intensive research and development can build upon to bring these detectors to wide acceptance. The main advantage of these detectors would be a significantly higher resolution at the frequencies that can penetrate relatively far into dielectric materials, while maintaining a comfortable standoff distance for the user.
Detection of chem/bio hazards with a metamaterial-based device in THz spectrum
One of the important benefits of the recently discovered THz spectrum of radiation is that most large chemical molecules are resonant in this spectrum as shown, for example, in [16] . There is a significant body of work dedicated to the characterization of DNA molecules [17] in the THz spectrum. In fact, it was suggested that these molecules have multiple unique resonant frequencies in the THz spectrum [18] . Hence, it is possible to uniquely identify these chemical Figure 7 . Relative power scan of a sample with a hole and when two holes were filled alternately (f = 6 GHz). The second hole was drilled 3 cm away from the first one [15] (Reproduced with permission of ELSEVIER S.A. via Copyright Clearance Center).
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hazards by the combination of these unique resonant frequencies in the THz spectrum. It is also desired to detect these substances in very low concentrations. It was suggested [18] that one approach that exhibits the highest sensitivity is a detector constructed with a singlenegative metamaterial surface. This single-negative metamaterial surface, where the metallic split-ring resonators (SRRs) are resonating at the same frequency as the molecule under investigation, could have the effect of overlapping resonances when this molecule "lands" in the gap of the SRR. The overlapping resonance has a nonlinear effect and, hence, could enhance the sensitivity of the method by 10 6 -10
7
. The original metamaterial structure for this approach is depicted in Figure 8 . Figure 8 . A set of structures designed to act as a metamaterial detector in the THz spectrum for bio substances [18] (Reproduced with permission of OSA).
The simulated and experimental transmission spectra clearly demonstrate a shift in the resonant frequency of the metamaterial device when the design of the metamaterial unit cell is changed. Introduction of a metamaterial surface that contains all three designs will yield multiple resonant peaks.
The issue that the proposed approach faces when a metamaterial structure is designed for real applications is that, as was mentioned before, the classical metamaterial SRRs are resonant in a very narrow band of frequencies. Hence, in order to uniquely detect even one substance (based on the measured values of resonant frequencies) we need to fabricate a device containing a few unique SRR designs.
However, the proposed structure could be optimized if the dielectric properties of the substrate surface (where the SRRs are fabricated on) can be tuned by the application of a simple electrical bias.
It could be suggested that tunable complex oxide thin films can be used to address this challenge. Indeed, the tunability of these films that are typically about 200 nm thick is over 50% [19] when a bias field of about 500 kV/cm is applied. For practical purposes we are restricted to utilize the film of 200 nm or similar thickness as the fields required for the tunability effect are prohibitively high (about 600 kV/cm [20] ) and, therefore, thin films are necessary so that practical voltages of about 5-10 V can be used. Fabrication of the tunable complex oxide thin films is not trivial and their dielectric properties are much more challenging to stabilize when compared to bulk materials due to the dependence of these properties (such as dielectric constant, tunability, losses, and leakage current) on factors as coefficient of thermal extension (CTE) mismatch between the substrate and the film yielding a stress that affect the dielectric properties [21] . In addition, proper bias electrodes must be used in such a structure. For example, transparent conductive oxide electrodes such as indium tin oxide (ITO) can be used, however, certain measures have to be taken during the thin film growth to extend the transparency of this material into the THz spectrum from the optical. A typical response (frequency scan) from a single-negative metamaterial is presented in Figure 9 .
If the resonant frequency of the metamaterial surface could be matched with the resonant frequency of a molecule resulting in the overlapping resonance, we anticipate an even stronger response on the frequency scan at the resonant frequency, which will indicate the presence of a substance under investigation.
Alternative metamaterial structures such as ceramic metamaterials [10] could be considered for the same purpose. Again, the benefit of using these novel structures could be reduced losses and, therefore, a possible "sharper" reaction to the overlapping resonances.
Alternative methods for metamaterial device utilization in the THz spectrum for detection and analysis of chem/bio molecules have been proposed in [22] . Ding et al. suggested the use of asymmetrical split-ring resonators as a unit cell for a single-negative metamaterial surface ( Figure 10 ).
This approach produced a metamaterial device that, in a response to an impinging THz wave, yielded simultaneously high Q quadrupole and Fano resonances. Both are ultra-sharp resonances and could be used in highly sensitive detection of chem/bio substances ( Figure 11) .
Again, it can be suggested that applying a layer of easily tunable complex oxide thin film can significantly enhance the agility of the proposed device since such a device would be capable of handling multiple resonant frequencies on the same surface due to the dependence of the resonance response of the device on dielectric properties of the substrate.
Metamaterial surfaces have a high potential to detect chem/bio substances in the THz spectrum. As it was mentioned before, many of these substances exhibit at least three characteristic resonant frequencies in the THz spectrum. This would make it possible to uniquely identify many materials. Unfortunately, there is no library yet compiled that can identify these unique resonant frequencies for the materials of interest. Computational (left) and experimental (right) measurements of the n = 3 hexagonal metamaterial, and the n =2 square checkerboard metamaterial, compared to experimental measurements of the molecule biotin. Simulated and experimental transmission spectra of the hexagonal metamaterial has been shifted up by 20% for clarity and T(ω) of biotin is in arbitrary units [18] (Reproduced with permission of OSA).
Determination of dielectric properties of complex oxide thin films in THz
Recent developments in the field of communications require higher data transmission speeds [23] . This cannot be achieved at the frequencies in which current 4G wireless systems are operating. Instead, frequencies in the range of 100 GHz are required to meet this requirement. Applications where high data transmission speeds are crucial and include holographic teleconferences, improved medical sensor implants, and fast internet of things. Hence, transition to a 5G wireless system is anticipated. While optical frequencies could be a choice in terms of energy transmission in open space, this is generally not acceptable due to the eye safety concerns, power limitations, atmospheric effects, challenges in maintaining alignment between the transmitter and receiver, and, in the case of a free-space optical (FSO) communications system, the very large size of some proposed components. In a recent design, the optical front end for such a system had dimensions of 12 cm ×12 cm ×20 cm, and a weight of almost 1 kg. Therefore, low THz would be a natural choice for these applications. Indeed, Facebook © has already deployed the first experimental 5G system in a neighborhood in San Jose [24] that operates at 60 GHz. However, as an example of the difficulties associated with these frequencies, it is worthwhile to mention that the receivers for the home units are located outside the house as the low-power signal penetrate the house walls. Also, the transducers for this system were needed on each light pole in the neighborhood due to maintenance of the strength of the signal.
There are two main technical challenges that need to be overcome to make 5G widely acceptable. First, there are no sources that are capable to emit a powerful enough signal. Second, the attenuation in the air for the electromagnetic waves in the frequencies of interest is very significant [25] . Clearly, in order to overcome these issues, a lot of thought is invested in developing more powerful sources for the electromagnetic waves at low THz frequencies.
One of the obvious ways to enhance the power of a low THz source is to design and implement suitable phased array antennas. A phased array antenna consists of multiple single antennas that operate at the same frequency, but at different phases. These antennas are used in broadcasting, radars, space probes, weather research, and other applications. A suitable design would need to be compact enough to be deployed in multiple locations at relatively short distances, but large enough to contain multiple individual antennas that operate at different phases to generate a tight "focused" beam ( Figure 12 ) [26] .
This approach allows the beam to be condensed (as shown in Figure 12 ), maintain certain radiation pattern, and the ability to steer the beam if necessary. It was suggested [20] that thin tunable complex oxide films such as BaSrTiO 3 (BST) can be used in the design and fabrication of a new generation of the phased array antenna components, such as phase shifters and filters. Indeed, such films exhibit substantial tunability of their dielectric constant upon application of a simple electrical bias ( Figure 13) .
One can see from Figure 13 that the required fields in these materials are very high, hence, thin films with the thickness of about 200 nm must be implemented to operate with the low voltages found in realistic applications.
In order to utilize these thin film components in low THz applications such as 5G, one needs to know with a very high fidelity the dielectric properties of the films in the low THz regime. Unfortunately, it is uncertain if the methods that are used to determine the dielectric properties of the tunable complex oxide thin films at lower frequencies, such as MW probes, are going to be relevant in THz range of the electromagnetic spectrum. For example, when these thin films have been investigated at low GHz, it was necessary to replace the metal-insulatormetal (MIM) structure which was used to determine the dielectric and other properties of the complex oxide thin films at lower frequencies, with a different configuration [27] . In addition, the equipment required to perform all necessary measurements is currently very expensive. In addition, free space measurements in the THz range can help to determine the dielectric properties of thin films that are 400 nm or thicker. Therefore, a new method to measure the dielectric constant and tunability of complex oxide thin films needs to be developed. It was demonstrated in [28] that the dielectric constant of an 800 nm BaSrTiO 3 (BST) film at low THz can be determined when a metamaterial structure is implemented on the surface of the complex oxide thin film. To do this, the resonant response of the metamaterial surface on top of the thin film is matched with a numerical model that predicts the location of this resonant peak on the frequency axis as a function of the dielectric constant of the complex oxide thin film. By matching the resonance with the numerical model, the dielectric properties (specifically, the dielectric constant) of this complex oxide thin film (Figure 14) canbepredicted.
However, the characterization parameters that are important for the applications discussed above also include the tunability of the thin film. For the purposes of phase shifting, we need to know how much we are able to tune the dielectric properties of the complex-oxide thin films, namely, the percentage of change in the dielectric constant as a function of the applied electrical bias. A potential path to obtain this information has been demonstrated through the design and fabrication of an active metamaterial [29] . The schematics of the device are presented in Figure 15 . One can notice that the BaSrTiO 3 thin film is sandwiched between two bias electrodes and, hence, "inserted" in the capacitor gap of the standing split-ring resonator (SRR) by the bottom bias electrode (Figure 15) . The dielectric constant of the inserted BST film can be tuned by the applied bias and the resonant frequency of this single-negative metamaterial device is shifted as a function of the dielectric properties of the thin film. Again, the model has been developed to determine the dependence of the resonant frequency of the proposed device on the dielectric properties of the BaSrTiO 3 thin film situated in the SRR gap. The developed model has been adjusted to match the experimental data from the fabricated sample (Figures 16 and 17) .
From Figure 17 , one can conclude that the frequency shift demonstrated by the fabricated metamaterial device when the BaSrTiO 3 thin film is biased by up to 6 V corresponds to the change of the dielectric constant of the BaSrTiO 3 thin film from 180 to 170. The result is based on a comparison of the experimental data with the model of the single-negative metamaterial structure in HFSS© Ansoft software. This result is even more remarkable when we take into consideration the fact that in the fabricated structure (Figure 16 ), the bottom bias Pt electrode has been fabricated to the height of only 50 nm, as opposed to anticipated 200 nm to fill the gap in the metamaterial SRR completely. Hence, the fabricated metamaterial device did not operate to its utmost capacity.
The proposed approach presents an attempt to resolve an important problem of how to determine the dielectric properties of thin, tunable, complex oxide films in the THz region of radiation. Clearly, other ways to obtain this information are the source of on-going research by the scientific community. However, this approach provides a means to design devices in the frequencies of interest and serve as a standard when evaluating the fidelity of other methods, such as on-probe measurements. It was mentioned above, that alternative characterization methods exhibit certain fidelity challenges that need to be resolved in order to utilize these methods for the design and development of components operating in THz frequencies.
In addition, the presented structure constitutes an active single-negative metamaterial device. The design of the device enables reconfiguration of the structure into a double-negative metamaterial device with relative ease as opposed to other active metamaterial structures. Such a device could be used for possible THz communications or imaging applications.
Conclusions
This chapter attempts to expose the reader to a broader spectrum of potential metamaterial device applications, beyond antennas and geometrical optics. We have demonstrated just three potential applications that include nondestructive evaluation, chem/bio detection, and 5G communications. The intent was not to present a complete list of potential applications of metamaterial devices, as many more exist, but to give an idea of how vast the potential application space is. Metamaterials are slowly maturing from simply interesting science to becoming a very useful tool to help address multiple technical challenges in real life. Again, the presented application ideas are still at their initial point of development-either a proof-ofconcept or just an idea that has been substantiated by some data. Hence, a lot of additional effort has to be invested in these areas described above to fully realize them in real-life applications. Clearly, the presented effort requires a multidisciplinary approach where fields such as electrical engineering, physics, materials science, biology, chemistry, and others are intertwined to produce a viable product.
This chapter does not attempt to present metamaterial devices as an area in which all problems have been resolved. These materials have many unresolved issues, requiring significant research investment, such as reducing transmission losses of dual-negative metamaterials. However, it is our hope that the variety of potential applications presented in this chapter will convey to the reader the extent of the impact that metamaterials can make in the future on multiple areas of technology research and development.
